
 

Geologic Storage of CO2 
 
1 Introduction 
 There is considerable activity worldwide to investigate storage of carbon dioxide 
(CO2) in subsurface porous formations [44,7].  Three primary storage settings are being 
considered:  oil and gas reservoirs, deep saline aquifers, and coal beds.  In each setting, 
implementation of a storage project will require understanding of the geomechanics of 
storage and its impact on long-term retention of CO2, prediction of the movement of the 
CO2 during the period in which it is injected and beyond, and monitoring of the 
emplacement and migration of the CO2 at appropriate intervals.  In this report, we 
describe research activities that aim to reduce the uncertainties that present significant 
barriers to widespread application of geologic storage in coal beds and that will create 
new options for use of deep storage resources. 
  
 Coal bed storage is the least well understood of the three settings.  Because the 
fundamental mechanisms of emplacement and containment are not well described, 
potential volumes of storage in coal beds are smaller and more variable in comparison to 
the other geological settings.  For instance, Herzog [28] gives 10 to 100 GtC as an order 
of magnitude capacity estimate for coal beds, but states 100 GtC for oil and gas 
reservoirs.  Gale [19] estimates 40 Gt CO2 capacity in coal beds, while the estimates of 
Parsons and Keith [46] range from 370 to 1100 Gt CO2.  Improved quantitative 
evaluation of storage mechanisms would allow better characterization of the potential 
resource for storage in coal beds, and if research to design appropriate flow processes is 
successful, could expand the resource significantly. 
  
 Many coal beds contain adsorbed CH4, and a variety of measurements of CO2 
adsorption show that significantly more CO2 can adsorb in a given coal sample than does 
CH4 [51].  Flow in coal beds takes place in a multi-scale system of fractures and matrix.  
The permeability of the fracture system depends on how much CH4 or CO2 is adsorbed.  
In principal, at least, CO2 can be injected into a coal bed and adsorbed preferentially in 
place of CH4.  The strong contrast between the high permeability of the cleat system (the 
macroscopic fracture network) and the low matrix permeability in coals, however, needs 
to be modeled carefully in order to allow for appropriate management of injection and 
production processes and to allow for CO2/CH4 exchange on the coal surfaces.   
 
 Moreover, fracture systems in coal beds often contain water, and it is not yet known 
how the presence of high water saturations influences the exchange of CO2 and CH4 
under stress conditions typical of deep coal beds.  The potential for CO2 to migrate out of 
the coal bed is largely uninvestigated.  Coal bed CH4 recovery efforts often involve 
dewatering and significant pressure reductions to release adsorbed CH4.  Some evidence 
that CH4 released as a result of pressure reduction migrates out of the coal bed has been 
reported [16, 58].  Similar migration could occur if CO2 were injected in such settings.  
Whether CO2 could be injected into coal beds with limited dewatering and with relatively 
high pressure maintained in the coal bed has yet to be investigated in sufficient detail.  
Also of interest is the potential for storage of components produced in coal gasification 
operations (sulfur oxides and H2S) in coal beds.  Design of such processes requires 
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significantly better understanding of the interplay of multicomponent adsorption with 
flow of injected gas in coal fracture networks containing water.  In addition, the 
geomechanics of coal beds must be described more accurately if the potential for using 
induced fractures to manage emplacement of gas and subsequent flow is to be evaluated.  
Finally, appropriate methods for monitoring gas flow and adsorption in the subsurface 
will be needed. 
 
 In the following sections, we report on progress in four interconnected lines of 
research. Section 2 reports on the research activities related to monitoring CO2 storage 
projects in unminable coal beds. Section 3 describes the developments in understanding 
the geomechanical impact of injecting CO2 in coalbeds. Section 4 reports on fundamental 
research aiming at delineating the essential physics of CO2 storage in coalbeds, and 
Section 5 presents new analytical solutions describing displacement processes in coalbeds 
when CO2 is injected to enhance recovery of CH4. 
 
 The research effort described here is just beginning.  The results reported cover the 
period from mid-February to the end of April, 2006.  In Section 6, we outline plans for 
the broader combination of experiments, modeling, and theory that improve our ability to 
predict the performance of CO2 storage projects in deep, unmineable coal beds. 
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2 Monitoring of CO2 Storage in Coalbeds 

Jerry M.  Harris, Professor; Youli Quan, Research Associate; Chuntang Xu, Jaime 
Urban, Graduate Research Assistants, Geophysics Department 

2.1 Introduction 

 This annual report covers the start-up activities, related to subsurface monitoring, for 
the new GCEP project entitled “Geologic Storage of CO2.” Specifically, this subproject 
proposes to develop monitoring strategies for CO2 storage in coal.  The activities are 
divided into two areas: (a) low frequency sonic measurements of coal, and (b) feature-
enhanced dynamic imaging of CO2 storage in coal.  Our activities combine laboratory 
experiments and theory with numerical simulation of specific monitoring scenarios using 
coal properties taken under realistic in-situ conditions.  Moreover, the proposed 
monitoring research will be fully integrated with other activities (geomechanics, sorption 
and transport studies) in this GCEP project.   

2.2 Background 

 Practicable subsurface monitoring strategies for CO2 storage in coal require an 
understanding of the seismic properties of coal and the signatures of those properties with 
changing sorption of carbon dioxide and methane. 
 
 Coal properties.  Little is known about the quantitative behavior of velocity, 
attenuation, and anisotropy of seismic waves in coals under varying environmental 
conditions and saturations of water and adsorbed CH4 and CO2.  Two difficult problems 
with laboratory measurements persist.  First, it’s often difficult to obtain intact coal plugs 
so the samples are oftentimes irregularly shaped and therefore not amendable to 
conventional laboratory methods.  Second, the most convenient laboratory measurement, 
i.e.  ultrasonics, does not replicate the frequencies used in the field, so ultrasonic results 
are difficult to calibrate and apply to field predictions and field data interpretation, 
especially for attenuation.  In this project, we will use Differential Acoustic Resonance 
Spectroscopy to measure the sonic properties of coal [25]. 
 
 Dynamic imaging.  Conventional time-lapse seismic imaging relies on subtracting 
high-resolution “instantaneous” snapshots from a high-resolution baseline image.  The 
usual approach is to record multiple high-resolution surveys every few years or so.  The 
issue for CO2 storage is a requirement for near-continuous and long-term monitoring to 
ensure safe containment.  Our approach for CO2 storage is to trade spatial resolution for 
temporal resolution with the objective of having almost real-time or near-continuous 
monitoring.  Near-continuous monitoring leads to near-continuous data acquisition and 
data processing.  Near-continuous data acquisition may not be practical for full aperture 
spatial coverage.  However, it is achievable with small (how small?) and sparse datasets, 
acquired perhaps daily or weekly.  The technical challenge then is to develop viable 
methodologies that produce useful and interpretable model updates from small sparse 
datasets and practicable imaging algorithms.  Our approach is dynamic time-lapse 
imaging that incorporates two innovative ideas: (a) temporal model parameterization; (b) 
adaptive sparse data acquisition.  The concepts of dynamic imaging were first presented 
in previous GCEP technical Reports [26,27].  In this new project, we consider the 
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specific algorithms that will be needed to process sparse time-lapse datasets, and further 
develop these algorithms for monitoring storage in coalbeds. 

2.3 Results 

 Coal properties.  Our coal properties research is mostly laboratory based.  We plan to 
measure the acoustic properties of coals with two different methods: (1) the traditional 
ultrasonic approach (~1 MHz) that works only on intact plugs, and (2) a new sonic 
method (~1 kHz) that works with irregularly shaped samples.  The ultrasonic 
measurement will be useful for clarifying the fundamental mechanisms of CO2 and CH4 
adsorption in coals.  The sonic measurement is more useful for quantitatively estimating 
changes that may be observed in-situ when carbon dioxide displaces methane.  In Figure 
1 we show some preliminary results obtained with Differential Acoustic Resonance 
Spectroscopy (DARS) for two samples of coal, one “hard” sample that was cut into a 
1”x1” cylindrical plug and one irregularly shaped “soft” sample (outcrop) of comparable 
volume.  DARS uses the resonant frequency and Q of a standing mode in a fluid-filled 
cavity.  Perturbations to the mode, caused by the sample, are used to estimate the 
sample’s compressibility and loss factor.  To first order, perturbations to the fundamental 
mode are proportional to sample volume and not its detailed shape.  The raw data plotted 
in Figure 2.1 clearly illustrate the small frequency shift of the soft coal and the larger 
shift of the hard coal.  Bulk moduli estimated from these shifts are the shown in Table I. 
 

 
                    (a)               (b) 
Figure 2.1: DARS acoustic properties measured near 1000 Hz: (a) small irregular samples of “soft” coal 
taken from an outcrop; (b) DARS resonance curves for the empty cavity (red), soft coal (blue dash), hard 
coal (blue solid), and Berea sandstone (green).  Amplitudes were not calibrated so loss factors must be 
estimated from the resonance line widths. 
 
Table I: Calculated bulk moduli: irregular sample of “soft” coal and cylindrical plug of hard coal. 

 
 ρdry (g/cc) φ(%) V (cm3) ∆f (Hz) K (GPa) 

Coal (soft, irregular) 1.075 21.89 19 1.745 1.095 

Coal (hard, 1”cylinder) 1.13 0.409 17.35 6.514 3.672 

Berea (plug, 1” cylinder) 2.1 20.8 19 7.586 4.37 
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 These preliminary results demonstrate the unique capability of DARS to measure the 
acoustic properties of irregularly shaped samples at relatively low frequencies.  However, 
the DARS instrument used for these measurements operates at room temperature and one 
atmosphere.  In order to simulate in situ coal conditions, we will add both pressure and 
temperature control to DARS.  This major undertaking will require construction of a new 
DARS cavity with saturation and pressure control. 
 
 Dynamic imaging.  Our approach considers strategies for coupled data acquisition and 
data processing.  Accordingly, we begin this task by examining the characteristics of the 
general inverse problem for continuous sparse data inputs.  The problem is formulated as 
follows.  Suppose we have a time varying model mi and a good estimate m0 for the model 
at time t0 = 0.  Given new data di, we wish to estimate subsequent models mi for times ti, 
i=1,2,k,..N.  We may have an “evolution” operator Ai that approximately predicts how the 
model changes with time, mi+1=Aimi +ηi, where the prediction errors ηi are assumed to be 
Gaussian with zero mean and covariance Qi.  Similarly, data can be modeled by the 
equation di = Gimi+ni, where the errors ni are also assumed to be Gaussian with zero mean 
and covariance Ri.  The operator Gi captures, albeit approximately, the physical relation 
between the measurements and model parameters.   
 
 In seismic monitoring, the model parameters are typically velocities or reflectivities 
and the function Ai would describe the change of seismic velocity or reflectivity with 
time.  This evolution operator Ai could be estimated from a combination of flow 
simulation and models for the seismic rock properties.  The evolution model could be as 
simple as curve evolution for the CO2 saturation front.   
 
 We are considering three related but somewhat different inversion approaches: (1) 
Kalman Filters; (2) Recursive Least Squares; and (3) Temporal Regularization.  In the 
following pages, we review problem definition and summarize the three solution 
approaches being considered.  For now, we assume both the model prediction function Ai 
and the relation between data and model parameters Gi are linear.  In the future, we 
implement each of these three algorithms and test them on synthetic and field datasets.   
 
 Kalman Filters are effective if we have an estimate of how the model changes with 
time.  The Kalman filter uses both model predictions and data to provide a general 
solution to the time varying imaging problem as follows: 
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where ( ii m̂,m~ ) is the model prediction and the model update from data, and ( ii Ĉ,C~ ) are 
the covariance prediction and the covariance update from data.  The Kalman filter 
possesses two significant advantages: optimality in LMS sense and recursion, thus 
avoiding the inversion of the large dataset.  By embedding spatial regularization into the 
Kalman filter equations, we have a result that can be interpreted as a temporal 
regularization of the traditional spatial domain inversion problem.  In spite of its 
widespread applicability, the Kalman filter still has some practical disadvantages.  First, 
it requires knowledge of the covariances Qi and Ri for all times.  When these are not 
known, it is necessary to estimate them.  In most practical applications, however, it is 
hard to do this and incorrect estimates significantly degrade the performance of the 
resulting estimate.  We are considering data acquisition strategies that may provide 
updates to the covariances with time, thus better exploiting the power of this approach.   
 
 In Recursive Least Squares, the model parameters at time it  are found by minimizing 
the following objective function: 

  2
jj

jii

0=j
i ||||= dmG −∑ −λφ ,     (2) 

where all data up to and including data at time ti are included but weighted in time by a 
memory factor λ.  The recursive solution is then given by  
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 This RLS concept “forgets'' older data in favor of more recent data, e.g., giving less 
weight to older data and more weight to recent data.  The choice of λ will play a major 
role in tracking changes in the model, for example moving fluids.  When λ = 1 (i.e., 
standard RLS) the memory is infinite, meaning that all the data have the same weight in 
the current estimation regardless of when it was recorded.  When λ approaches zero the 
algorithm has little memory.  Perhaps, more importantly, the RLS method demands less 
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information than the Kalman filter but still keeps one of its main advantages, the feature 
of being recursive.  Note also that the Kalman filter can be reduced to RLS when the 
evolution model is and the covariance functions are not known.   
 
 Temporal Regularization couples together models and data from different times and 
minimizes an objective function that includes both spatial and temporal regularization.  
This inversion might be called “Tikhonov regularization in time” and follows the 
approach outlined in Ajo-Franklin, Urban, and Harris [3].  A related approach is the 
smooth time-varying parameterization described by Day Lewis, Harris, and Gorelick [13] 
for radar data.  The temporal regularization approach solves the time-lapse problem, but 
is computationally inefficient in that it requires simultaneous inversion of a data volume 
that grows with time. 

2.4 Progress 

 Research from two tasks, seismic properties of coals and dynamic imaging, discussed 
herein is part of a larger project on CO2 sequestration in coalbeds.  These two tasks 
address the issue of in-situ subsurface monitoring.  The larger project seeks to clarify 
quantitatively the fundamental mechanisms of containment of CO2 in coalbeds.  This is a 
new GCEP project, having been funded during the first quarter of 2006.  Progress to date 
is somewhat ahead of the project timetable.  Nevertheless, much remains to be done.  If 
successful as proposed, this project will yield results that will have significant impact on 
near-continuous monitoring of CO2 storage in coalbeds. 

2.5 Future Plans 

 The major future activity for the coal properties task is to add pressure and 
temperature control to the DARS cavity.  This will be a major undertaking in that it will 
require complete design, implementation, and test of a system that will handle both 
carbon dioxide and methane.  Following tests of the new system, we will then undertake 
measurement of a variety of coal samples to be collected from different locations around 
the world.  In parallel, we will be working with the geomechancis group to make 
ultrasonic measurements on coal samples during sorption experiments. 
 
 The major future activity for the dynamic imaging task is to evaluate and select 
candidate inversion algorithms, then implement them for test in a full-field coal storage 
scenario.  This storage scenario and monitoring test will be integrated with the 
geomechanics and transport studies being carried out by other PI’s in the project. 
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3 Geomechanics and CO2 Sequestration 

Mark D. Zoback, Professor; Paul Hagin, Research Associate; Hannah Ross and Laura 
Chiaramonte, Graduate Research Assistants, Geophysics Department. 
 

3.1 Introduction 

 This annual report initial activities in three specific areas – modeling CO2 
sequestration in coal, evaluation of the feasibility of CO2 sequestration in a depleted oil 
field and laboratory measurements on coal shrinkage and swelling. The following 
provides a brief introduction and overview of each of these activities.  

3.2 Background 

 Modeling CO2 sequestration in Coal beds - In the initial phase of our research on this 
topic, we examined the feasibility of sequestering CO2 in unminable coalbeds by 
conducting a reservoir characterization study and fluid flow simulations on coalbeds in 
the Powder River Basin (PRB), Wyoming, USA.  In particular, we were interested in 
modeling the effects of horizontal hydraulic fractures on CO2 injectivity and enhanced 
coalbed methane recovery (ECBM).  Our study focused on the sub-bituminous Big 
George coal, part of the Wyodak-Anderson coal zone of the Tertiary Fort Union 
Formation.  A 3D model of the Big George coal was constructed in an area of the PRB 
where the least principal stress is vertical, thereby guaranteeing horizontal hydraulic 
fractures.  We built our model using well logs from coalbed methane (CBM) wells, and 
populated the model with permeability and porosity values using geostatistical techniques 
and history-matching. This worked showed that gravity and buoyancy are the major 
driving forces behind gas flow within the coal.  Gravity and buoyancy caused the gas to 
migrate upwards at first and then along the top of the coal, which reduced gas sweep 
efficiency and sequestration.  We also found that coal matrix swelling results in a very 
slight reduction in CO2 injectivity, but that hydraulically fracturing the coal close to its 
base mitigates the negative effect of permeability reduction on injection rate. In our 
current study we are carrying out a comprehensive sensitivity analysis of all of the 
parameters affecting the modeling as well as constraining the modeling with laboratory-
derived parameters (described below) on Powder River coals.  
 
 Evaluation of a planned Sequestration Experiment in Depleted Oil and Gas 
Reservoirs – In this work we investigate the effect of CO2 sequestration on fault stability 
and seal integrity in a depleted oil field as part of the development of a generalized 
methodology for evaluation of the geomechanical integrity of planned sequestration sites. 
We have begun working in a collaborative project at the Teapot Dome oil field, 
Wyoming with scientists at Lawrence Livermore National Laboratory and the Rocky 
Mountain Oil Testing Center.  
 
 Laboratory Studies of Coal Shrinkage and Swelling - The primary focus of planned 
laboratory work plan is to provide support for the numerical modeling efforts being 
carried out at Stanford and elsewhere. This will involve both the measurement of physical 
and chemical properties parameters required by the various models, and the testing and 
verification of common model assumptions. For example, the Palmer-Mansoori equation 
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describing coal-matrix swelling (due to preferential adsorption of carbon dioxide versus 
methane) is commonly offered as an option in enhanced coal-bed methane numerical 
codes. We plan to test whether the Palmer-Mansoori equation applies to our case-study 
coal from the Powder River Basin. If it does apply, we will obtain the required elastic and 
matrix-swelling parameters, and if not, we will derive an appropriate equation. 
 
 Introducing a conventional triaxial press laboratory apparatus into our existing 
experimental workflow will provide better and more complete integration with the 
numerical modeling results being produced by others within our group. For example, the 
physical and chemical properties parameters required for modeling enhanced coal-bed 
methane production in the Powder River Basin, Wyoming, can be derived directly from 
laboratory experiments on intact coal samples, reducing the uncertainty in the modeling 
results. In addition, adding this apparatus to our experimental workflow provides a degree 
of redundancy to our data set; hydrostatic permeability measurements conducted in 
cooperation with Tony Kovscek using a modified laboratory apparatus can now be 
verified internally. 

3.3 Results to Date - I. Modeling CO2 Sequestration in Coal beds  

 In the present study we have begun running sensitivity analyses on a number of the 
model and simulation input parameters, including the BHP injector constraint, cleat 
spacing, cleat compressibility, and the Palmer and Mansoori parameters [45].  Figure 3.1 
shows the results from these sensitivity analyses.  We are currently running sensitivity 
analyses on cleat permeability and porosity, gas diffusion time, coal thickness, and 
reservoir pressure. 
 
 Matrix Shrinkage and Swelling Parameters - In order to model the expected decrease 
in CO2 injectivity due to matrix swelling we used a multiphase composite version of the 
Palmer and Mansoori equation [45, 11].  However, matrix swelling had very little effect 
on CO2 injectivity and CH4 production. We find that the high cleat compressibility for the 
Big George coal dominates the modified Palmer and Mansoori equation so that the linear 
elastic term (which incorporates cleat compressibility) is comparable in magnitude to the 
matrix shrinkage and swelling term (which incorporates matrix volume strain due to the 
adsorption and desorption of gases).  Decreasing the cleat compressibility would mean 
that the matrix shrinkage and swelling term had a more significant effect on injectivity 
(Figure 3.1).  The matrix shrinkage and swelling term would also be more important in 
the porosity and permeability calculations if higher matrix volume strains were used 
(Figure 3.1).  We are currently running laboratory experiments on coal samples from the 
PRB to characterize coal matrix shrinkage and swelling.  This will enable us to determine 
if the Palmer and Mansoori equation captures the correct porosity and permeability 
changes taking place due to the desorption and adsorption of gases in the coal matrix, and 
therefore, whether our simulations are predicting the correct volumes of CO2 injected and 
CH4 produced for our sequestration scenarios. 
 
 Cleat Spacing - Decreasing the cleat spacing increased both the total CO2 injected 
and CH4 produced (Figure 3.1).  Increasing the number of cleats in the model meant that 
the injection rate could increase because there are now more high permeability areas in 
which the CO2 could be injected.  The higher number of cleats also decreased the 
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diffusion time, which is why a lot more CH4 could be produced.  The faster the diffusion, 
the faster methane can desorb and flow to the production wells. 
 
 Maximum Bottom Hole Pressure Injector Constraint - The BHP constraint for the 
injector also had a significant effect on the total volume of CO2 injected and total CH4 
produced.  Increasing the constraint meant that more CO2 was injected, causing more 
CH4 to be desorbed from the matrix in exchange for CO2 (Figure 3.1). 
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Figure 3.1: Total volumes of CO2 injected and CH4 produced due to changes in the model and input 
parameters for the fluid flow simulations.  Cleat compressibility, Young’s modulus, Poisson’s ratio, matrix 
volumetric strain and the exponent used to relate cleat porosity and permeability are all included in the 
Palmer and Mansoori (1996; 1998; GEM 2005) equation.  The green boxes correspond to the base case.  
All of these simulations have matrix shrinkage and swelling turned on, but no hydraulic fracture. 

3.4 Results to Date - II. Sequestration in Depleted Oil and Gas Reservoirs 

 We have performed a geomechanical characterization of the Tensleep Fm. as a target 
horizon for a planned CO2 /EOR-carbon storage experiment. As shown in Figure 3.2, the 
planned repository is an anticlinal reservoir with oil/CO2 trapped against a bounding fault 
(S1). Our preliminary work on this project predicts that it is unlikely that buoyancy 
pressures associated with CO2 accumulation would be likely to induce slip on the S1 fault 
and threaten the seal capacity. In the area under study (Section 10), the Tensleep Fm. has 
its structural crest at 1675 m. As mentioned, it presents a 3-way closure trap against a 
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NE-SW fault to the north, covering an area of approximately 1.2 km2. This fault, 
denominated S1 has been described as an oblique-slip basement-cored right-lateral tear 
fault [43].  
 
 

 
 
Figure 3.2: Study area at Teapot Dome. A planned sequestration experiment is planned for the Tensleep 
formation where it is adjacent to the S1 fault. The area where oil was originally found is enclosed by the 
red contour line. Also shown are wells providing data used in the study. The direction of maximum 
horizontal compression (determined from analysis of wellbore failures in the wells shown) is at a high 
angle to the strike of the S1 fault, making it unlikely to be reactivated in a strike-slip/normal stress field. 
 
 Drilling induced tensile fractures were analyzed in FMI logs from three study wells. 
From the analysis of more than 270 observations over a depth range of 400 – 1800 m we 
established the maximum horizontal stress direction as N75ºW (105º Az), which is 
consistent with the one observed by Milliken and Koepsell [43] in well 67-1-X-10. 
 
 Bottom hole measured pressures show that the pore pressure in the Tensleep Fm. is 
close to hydrostatic. The rock strength used in SHmax and Shmin magnitude estimations was 
determined from sonic logs (due to the lack of direct measurements) using a relationship 
developed by Chang, et al. [9] for weak and unconsolidated sandstones in the Gulf Coast. 
The average value of the B-Sandstone rock strength varies from 55 MPa to 65 MPa in the 
three wells. 
 
 We estimated the SHmax and Shmin magnitudes and have found that the area is under a 
Normal or Strike Slip Faulting Environment (NF/SS), and that we did not observe any 
break outs in the depth of interest (B-Sandstone) and therefore we can assume the 
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calculated rock strength as the upper bound for the real rock strength of the rock. With 
these constraints we estimated the range of possible stress magnitudes from 33 to 52 MPa 
for SHmax and 24 to 29 MPa for Shmin, at the depth of the Tensleep Fm.  This is illustrated 
in Figure 3.3, a perspective view of the S1 fault with the color representing the amount of 
pressure (presumably resulting from the buoyancy of a column of CO2).  
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Figure 3.3: S1 Fault surface colored by critical pore pressure required to initiate fault slip. At the position 
of the Tensleep Fm (shown), there is the potential to contain an appreciable column of CO2 without fear of 
initiating fault slip. 
 
 To perform the critically stressed fault analysis we used an average SHmax value (~ 
equal to Sv) and an Shmin gradient of 0.6 SHmax, which is a reasonable relationship in NF/SS 
environment. The minifrac test performed in the 2nd Wall Creek reservoir, at 
approximately 900 m depth, confirms the validity of this assumption. 
 
 We established that at the depth of the target horizon it would require approximately 
16 MPa of excess pressure to cause the S1 fault to reactivate. This value corresponds to a 
CO2 column height of approximately 2500 m (at a density = 700 kg/m3). Since the 
average closure of the Tensleep Fm. in this area is no more than 100 m, we conclude that 
the S1 fault is not at risk of reactivation and therefore will not be a leakage pathway for 
the CO2 migration. 
 
 In the future we plan to refine this analysis (to provide a more exact magnitude for 
maximum sustainable pressure before hydrofracturing the cap rock), as well as evaluate 
potential sources of leakage along secondary faults. 

3.5 Results to Date - III. Laboratory Studies of Coal Shrinkage and Swelling 

 To date, efforts have been focused on modifications to laboratory equipment. Upon 
completion, the experiments to be done can be subdivided into three main categories, but 
all relate to laboratory studies of coal, as follows: 1) measurements of physical properties, 
2) measurements of chemical properties and 3) measurements of the changes in physical 
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properties associated with changes in chemistry. Each of these categories is described 
below. 
 
1) Measuring the physical properties of coal carbon dioxide injectivity in coal beds may 
be increased considerably by hydraulically fracturing the bed in the vicinity of the 
injection well. In order to predict the impact of a hydraulic fracture, knowledge of the 
fluid flow properties, the elastic properties, and the strength of the coal matrix and cleats 
is required. All of these properties can be measured in our triaxial press, under a variety 
of boundary conditions (hydrostatic, triaxial, and uniaxial strain), for both liquid and gas 
phases, and at temperatures up to 200 degrees Celsius. Specifically, we plan to measure 
water and gas permeabilities in both powdered and intact coal samples under stress and 
temperature conditions similar to those found in the field from which the samples were 
obtained. In addition, the elastic properties of both powdered and intact samples will be 
derived by monitoring sample deformation as a function of effective stress and 
temperature. Once elastic properties of the matrix have been obtained, intact samples 
containing single cleats or fractures will be tested in order to derive the cleat 
compressibility. A full elastic/plastic failure envelope will also be generated for the intact 
coal samples, by loading a number of samples to failure along different stress paths. 
 
 Because 4-D seismic is commonly used for monitoring and verification of CO2 
injection and sequestration, ultrasonic velocities will also be measured during all of the 
experiments described above. Our machine is capable of measuring P-wave and cross-
polarized S-wave velocities (at 1 MHz center frequency) while simultaneously measuring 
permeability. An outstanding basic research issue presents itself here, which to our 
knowledge has not been addressed in the literature. Namely, how to correctly model fluid 
substitution and its corresponding effect on stiffness and velocity in coals. Because the 
physical properties of the dry coal frame may change depending on the chemistry of the 
fluid filling the pores, changing from one fluid to another may result in a breakdown of 
standard methods for modeling fluid substitution (e.g. Gassmann's equations). 
 
2) We plan to measure the adsorption isotherms of CO2 and CH4 for both powdered and 
intact coal samples, following the methodology and procedures established by Tony 
Kovscek and his colleagues. Our initial objective is to reproduce prior results on 
powdered coal samples. We will make the transition from powdered samples to intact 
samples by compressing the powdered samples under hydrostatic stress until the 
macroscopic porosity has closed. This will be verified using scanning electron 
microscopy. 
 
3) While making measurements of the physical properties and chemical properties of 
coal independently is important to establish baselines for those properties, we are really 
interested in knowing how the physical properties of coal change as CO2 is adsorbed and 
CH4 is released. In particular, changes in permeability and compressibility in both the 
matrix and cleats due to matrix shrinkage/swelling will control the injectivity of CO2 and 
production of CH4 in a coal-bed. Furthermore, it is important to understand the relative 
contribution of matrix swelling to the total compressibility of the matrix and cleats. For 
example, early numerical results from the Powder River Basin case-study suggest that 
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matrix swelling due to CO2 adsorption has only a small effect on cleat permeability, 
because the matrix and cleats were very compressible to begin with. These results were 
generated under the assumption that the Palmer-Mansoori equation is valid. Testing the 
Palmer-Mansoori equation in the laboratory and changing it as necessary will allow us to 
verify and refine the numerical results. 
 
 We plan to measure swelling and permeability during CO2 adsorption for both 
powdered and intact coal samples. Swelling will be measured by mounting two axial 
LVDTs on the sample coreholders, and attaching one circumferential chain-gauge 
directly to the sample. Once reference values for permeability and swelling have been 
obtained, we will carry out parallel studies on intact samples containing single fractures 
or cleats. 
 
 As mentioned above, we will also measure ultrasonic velocities while simultaneously 
measuring permeability and deformation, in an attempt to find a solution to the fluid-
substitution problem. 
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4 Wettability of Coal Systems 

Anthony R.  Kovscek, Associate Professor; Tom G.  Tang, Senior Research Associate; 
Tanmay Chaturvedi, Graduate Research Assistant, Department of Petroleum 
Engineering. 

4.1 Introduction 

 We study the wettability of coal at various scales, ranging from the microscopic to 
core to reservoir scales.  While contact angle measurements define wettability at 
microscopic (pore) and core scales, relative permeability curves are used to define 
wettability at the core and reservoir scales.  In our prior work [26], the variation of 
microscopic wettability over the pH range relevant to coalbed sequestration was 
evaluated using DLVO (Derjaguin, Landau, Verwey, Overbeek) thin-film calculations.  
Calculations suggest that contact angles go through a maximum at a pH near neutral.  
They then decrease as pH decreases suggesting an alteration of coal wettability with pH 
and, therefore, with CO2 dissolution into the aqueous phase.  Here, water imbibition at 
the core scale is used to explore the trends predicted for the pore scale.  X-ray CT 
scanning provides a method of measuring the distribution of aqueous phase in situ.  Such 
imbibition experiments provide the basis for estimating relative permeability for gas-
water flow in coal.  The results are encouraging as these are the first steps towards 
developing relative permeability curves for coal-methane and carbon-dioxide systems. 

4.2 Background 

 While many facets of enhanced coalbed methane (ECBM) recovery using CO2 are not 
well understood, our efforts are concentrated in understanding any changes in wettability 
of coal surfaces during the ECBM process.  Coal is a heterogeneous mixture of carbon-
iferous plant remains and minerals.  These plant remains form coal macerals that are 
discrete organic entities in the coal with characteristic chemical and physical properties.  
One such property is wettability.  A better understanding of coal wettability is important 
to comprehend how a coal surface behaves under the influence of various fluids including 
gases such as methane and CO2 as well as brine solutions.    
  
 Coal wettability is relatively well studied in the literature because of the importance 
of flotation to coal processing.  Measurements of the contact angle, as measured through 
the water phase, range from 20 to 100 ° (e.g. Gutierrez-Rodrguez et al., [22]; Arnold and 
Aplan, [5]; Gowiewska et al.  [20]).  The nonzero contact angle formed on coal surfaces 
varies with the pH of water and the coal source.  On the other hand, some of the inorganic 
mineral matter in coal, so-called ash, is water wet.  On a percentage basis by weight, ash 
may range typically from nearly zero to 20%.  Thus, while a coalbed may be initially 
filled with water, the coalbed is largely formed of carbon in the form of coal that is not 
strongly water wet as evidenced by contact angles that are significantly nonzero. 
Although the literature on coal flotation is not necessarily relevant to gas and water flow 
properties of coal, these data do indicate that careful consideration of the wettability of 
coal surfaces as a function of the salinity and pH of water is warranted.  Additionally, 
there is relatively little understanding of the wettability of solid coal surfaces that have 
gases such as CO2 and methane adsorbed to them.  We have therefore directed our work 
towards understanding the multiphase flow properties of coalbeds containing carbon 
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dioxide.  The water in a coalbed may vary from acidic to neutral to basic.  Dissolved 
gases such as CO2 reduce the pH of the water by forming carbonic acid.  A typical CO2-
saturated water has a pH of 3.5.  Given the substantial change in the pH of a coal water 
system due to the presence of dissolved CO2, we concentrate our efforts in determining 
the impact of pH on wettability of coal surfaces.   

4.3 Experimental  

 Coal is generally extremely brittle.  Most coal cores break up into chunks even before 
they can be processed for the purpose of experiments.  We therefore have manufactured 
our own core using coal powder from the Powder River basin in Wyoming.  The coal 
samples were obtained from a formation depth of about 900-1200 ft.  The coal was 
ground to a size of 60 mesh (mean size 0.25 mm).  The coal powder was pressed to 
develop coalpacks, referred to here as cores, for imbibition studies.  Cores were found to 
have a greater permeability and porosity values than actual coal matrix.  While the high 
porosity and permeability of coal cores suggests that these cores are incapable of 
reproducing the actual flow conditions, the utility of such coal cores lies in understanding 
multiphase flow of gas and water and understanding the affinity of these fluids for coal 
surfaces.  Multiphase flow is a strong function of the chemical composition of the system 
as compared to absolute physical quantities such as porosity, permeability etc.  The 
chemical composition is macroscopically quantified in terms of wettability.  It is this 
property of the system that we endeavor to study and therefore the usage of our 
‘homemade’ cores is justified.   
 
 Coal powder was pressed to manufacture relatively homogeneous cores.  This was 
done using a specially designed press.  Figure 4.1 illustrate the press and its various parts.   

 

 
Figure 4.1: The various parts of the coal press 

  
The press consists of the following main parts: 
 

• Main annulus where the coal for the core is placed 
• A screw cap on one end  
• A screw with a flat head to press the coal in  
• A key to rotate the screw  
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 The main annulus consists of two hemi-cylindrical parts that are screwed together.  
The annulus is lined with an aluminum foil.  This prevents coal particles from adhering to 
the sides of the annulus.  The aluminum foil also provides support to the packed core 
when it is taken out.  Turning the key rotates the flat headed screw that is used to pack the 
coal in the annulus.  The cap at the bottom provides support as the screw packs the coal.   
 
 Figure 4.2 illustrates the process of coal packing.  With coal inside the annulus, the 
screw is rotated using the two handled key.  A small amount of water is added as the 
screw rotates.  This aids the coal powder to coalesce together, reducing the volume 
occupied. 
 

 
 

Figure 4.2: Preparation of the core using the coal press 
 

 The procedure of packing the coal requires twisting the screw every few hours for a 
day as it takes some time for the pressure to be transferred to the bottom of the core.  
Once the coal has been packed, the end cap is unscrewed and a steel cylinder is used to 
push out the core from the press.  The core is then set with epoxy in an acrylic cylinder.  
The diameter of the cylinder is much larger than the core.  The space between the core 
and the walls of the cylinder is filled with epoxy.  This is done to ensure that the core 
sticks to the walls of the cylinder and to prevent channeling of any fluids along the core 
surface.  Once the epoxy sets, the cylinder is machined to the size of the core holder 
using a lathe.  The core is then set in the core holder as shown in Figure 4.3. 
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Figure 4.3: The core holder, coal pack, and endcaps. 

 
 The core holder consists of two end caps that hold the core in place and allow fluid 
distribution.  The endcaps of the core holder were constructed so as to allow for counter 
or co-current imbibition.  During a countercurrent experiment, water flows through the 
endcap and across the face of the coalpack.  The endcap contains a 5 mm gap through 
which water flows and provides a supply of fresh water at the face of the coalpack.  Each 
end of the core holder is capped with stainless steel mesh of a size small enough to retain 
coal particles.  Figure 4.4 illustrates the core holder with the core fixed in the interior. 
 

 
 

Figure 4.4: The core holder with the core fixed inside it.   
 

 Initial experiments were done with a simple apparatus.  Figure 4.5 illustrates the 
experimental set up.  The cores are dried under vacuum for at least 48 hours until core 
weight became constant.  The core is then fixed in the core holder and the core holder is 
then set on an electronic balance.  The tubes from a beaker of given pH solution are 
connected to one of the outlets to the core and also to the suction pump.  The suction 
pump draws the pH solution from the beaker and supplies it to the core as seen in the 
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figure.  The valves are set so that flow through the coalpack is countercurrent, the balance 
was zeroed, data collection begins, and the pump circulates water through the endcap and 
across the face of the coal pack at a rate of 1 cm3/min.   

 
 

Figure 4.5: Schematic of the experimental apparatus. 
 
 The experiments require water solutions of varying pH.  We used solutions of pH 2, 7 
and 10 for our experiments.  The acidic solutions were prepared by mixing distilled water 
and concentrated HCL solutions.  The basic solutions were prepared by dissolving NaOH 
pellets in distilled water.  A Fischer Scientific pH meter was used to measure pH values 
with an accuracy of 1%.   

4.4 Interpretation and Data Processing 

 Classical water imbibition theory is used to interpret the data collected.  Handy [24] 
derived an approximate equation for the mass of water imbibed, m, as a function of 
capillarity and wettability that reads  
 

 µϕρ /2 tSkPAm wcw=       (4) 
 
where ρw is the density of water, A is the cross sectional area, Pc is the capillary pressure, 
k is the permeability, φ is the porosity, Sw is the saturation, µw is the viscosity of water 
and t is the time.  The slope of the lines, with respect to t1/2, is then ρwA 2PckϕSw /µ .  
Next, the Leverett J-function, Eq.  (5) is substituted into Eq.  (4). 
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Among different pH solutions, Pc differs by a factor of cosθ because J(Sw) is unique for 
similar coalpacks and the interfacial tension, σ, is sensibly independent of pH.  So from 
imbibition data collected at two different pH’s, we obtain the following ratio of mass 
imbibed 
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 All quantities, except the ratio cosθ1/cosθ2 are measured.  These measurements then 
indicate the relative change of contact angle with pH.  While the results from these initial 
experiments are interesting, little information about real time saturation distributions 
within the core is obtained.  We also performed our experiments using computed 
tomography (CT) scanning to monitor the distribution of the aqueous phase in situ as 
discussed next. 

4.5 CT Scanning Technique and Applications 

 Computed tomography allows non-destructive evaluation of flow in porous media.  
Its advantage lies in the fact that you obtain real-time images of the media and 
information about real time saturation distributions in the core.  Different materials 
attenuate X-rays to different extents.  Therefore, based on the intensity of the transmitted 
rays, we measure the fluid distribution in the media.  The CT scanner is first calibrated by 
attributing a CT number to the fluids of interest.  In our case, these are water and air.  
Then based on the intensity of the transmitted X-rays, the CT scanner evaluates a voxel 
by voxel CT number.  These numbers are then used to estimate porosity and saturation 
values at each voxel of the core. The equations involved in determining the porosity and 
saturation values from CT numbers are the following [4]: 
 

     φ = CTwr −CTar
CTwater −CTair

      (7) 

 

     Sw = CTawr −CTar
φ CTwater −CTair( )

     (8) 

4.5.1 Image artifacts 

 X-ray CT scanning is subject to errors and image artifacts resulting from apparatus 
design and materials.  Most of these artifacts are explained in terms of ‘beam hardening’.  
Beam hardening refers to the shift of the attenuated X-ray beams to greater, more 
monochromatic energy.  This is due to preferential absorption of a portion of the beam 
spectra by the media.  Beam hardening is manifested as dark bands around the periphery 
of the object.  These artifacts are minimized by using an apparatus design that removes 
these effects from the portion of the image that is of interest.  We therefore place our core 
holder inside a water jacket.   
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4.5.2 CT Scan Apparatus  

 Figure 4.6 illustrate the use of the water jacket.  The water jacket consists of a 
cylindrical vessel closed at both ends by circular plastic end plates.  The core is placed  

 

 
 
Figure 4.6: (left) Core Holder Inside the water jacket. (right) The water jacket used for imbibition studies 
 
horizontally inside the water jacket, Figure 4.6.  The tubing leading through the 
connections at the in/out lets of the core holder come out through holes in the circular end 
plates.  Once the core holder is set inside the water jacket the jacket is filled with water 
through a valve in the center of one of the disks.  The cylindrical vessel is attached to an 
aluminum mounting plate that is screwed on to the positioning system of the CT scanner.  
Figure 4.7 illustrates the imbibition cell on the positioning system. 
 

 
 

 
 
 

 
 
 
 
 
 
 
 
 
 

Figure 4.7: Imbibition cell on the positioning system 

4.6 Procedure  

 The experiment begins with drying the core, until there is no weight change.  This is 
done in a vacuum oven.  Figure 4.8 shows the apparatus used for drying the core.  The 
temperature of the oven is maintained at 35ºC. 
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Figure 4.8: The Vacuum oven used for drying  
 

 The process of drying the core takes about 3-4 days.  After that the weight of the core 
no longer changes.  The core is then ready for the experiment.  The core is initially 
saturated to about (8±2)%.  This is done by forcing moist air through the core.  Figure 4.9 
shows the apparatus used for this purpose.   
 

 
Figure 4.9: Apparatus to moisturize the core  

 
 One outlet of the core holder is connected to house vacuum.  The opposite outlet is 
connected via tubing to a glass vessel half filled with water.  The bottle has another piece 
of metal tubing.  This tubing is opened to the atmosphere.  On switching on the vacuum, 
air from the atmosphere is sucked into the bottle.  This air travels through the water and is 
then transported as moist air into the core.  The initial saturation is then evaluated based 
on the weight gained by the core.   
 
 We first saturate the core to a water content of about 8%.  The core is then placed 
along with the core holder in a water jacket.  Once the core is set horizontally inside the 
water jacket, the water jacket is filled up with water and screwed onto the CT scanner 
positioning system.  The water jacket on the moving table is set centrally in the X-ray 
chamber.   

Vacuum hose 
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 The pH solutions prepared as suggested above are kept in a beaker whose top is 
covered with aluminum foil.  This is done to avoid any evaporation of solution during the 
experiment.  All leaks in the foil are made airtight by applying epoxy.  The air tight 
beaker is then placed on an electronic balance.  The weight loss is recorded by real time 
transfer of data to the.  Figure 4.10 shows the complete procedure. 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.10: An illustration of the complete experimental process using CT scanning 
 

 The beaker has two tubes that transport the solution to the water pump and receive the 
water solution from the core holder.  The pump is run at a flow rate of 1cm3/min.  The 
water travels from the beaker to the pump, from the pump to the core surface.  Here some 
water is imbibed and the remainder returns to the beaker.  The balance measures the 
change in the water weight; this is recorded by the computer.  The change in weight is 
measured every 30 seconds.  The core is scanned every minute initially to capture end 
effects, and then every few minutes varying from 5 to 30 minutes depending on the 
solution and whether there is a fracture.  At the end of spontaneous imbibition, forced 
imbibition saturates completely the core with water.  This is required for evaluating real-
time saturation profiles.   
 
 The flow in the core is one dimensional.  That is, the capillary forces in the direction 
of the length of the core dominate over all other flow forces.  The length of the core is 
small enough that the gravitational forces become insignificant.  Also as the core is 
homogeneous and the whole face of the core is charged with water, the flow in any radial 
direction becomes unimportant.  One dimensional flow is also validated by the almost flat 
saturation fronts of the obtained CT images.  Figure 4.11 illustrates the 1-D nature of the 
flow.   
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Figure 4.11: Typical 1-dimensional flow within the coal pack.  Note the Sw scale on the right. 

 

4.7 Relative Permeability from Saturation Profiles 

 While contact angles provide important information about coal surfaces in the 
presence of multiple fluids, a more important and relevant quantity in reservoir 
engineering is relative permeability.  Understanding how fluids (methane/CO2, water) 
flow in the reservoir helps us in developing solutions for current problems.  For example, 
current CBM processes are associated with very large water production rates.  Disposal 
of this produced water is a significant contributor to operating expenses.  Implementing 
conditions that alter the relative permeability of water so as to reduce production rates 
therefore is an important area of study.  We use the method developed by Schembre & 
Kovscek [49] for our calculations.  The method is based on minimizing the error between 
experimentally measured saturation profiles and those obtained by simulations run using 
Eclipse 100.  Here, the relative permeability curves are estimated as functions of B-spline 
curves.  The minimization of the difference in the saturation profile errors is based on 
tuning the relative permeability curves.  This is done by altering the B-spline curves used 
to define these relative permeability curves.  The updating of the B-spline curves is done 
by using the optimization method of simulated annealing.  Figure 4.12 presents a flow 
chart that explains the method used.   
 
 The calculations are done by utilizing a using a C++ project space.  The project space 
utilizes various subroutines to perform simulated annealing, estimation of relative 
permeability and capillary pressure curves, etc.  The work space also interacts with 
Eclipse.  Relative permeability and capillary pressure curves developed by the workspace 
are written as ‘.inc’ files that are utilized by Eclipse. 
   
 We begin with an estimation of the relative permeability curves by choosing an initial 
set of B-spline curves.  These are then used to develop relative permeability and 
saturation curves.  Based on these curves we run a 1-dimensional Eclipse model.  The 
Eclipse simulation is constructed to model the experiment and is discussed in detail later.  
The saturation profiles calculated by Eclipse 100 are compared with experimental values.  
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Based on the value of the error the B-spline curves are updated using Simulated 
Annealing.  This process is repeated until the error is below desirable values.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

Figure 4.12: Flowchart explaining the method used in Relative Permeability estimation 
  

4.7.1 ECLIPSE Simulation Model  

 The grid consists of a single line of 101 blocks in the ‘x’ direction.  There are no 
wells in the model.  To model spontaneous imbibition the first block is assumed to be a 
fracture that feeds into the matrix of the remaining 100 blocks.  The pore volume is 
multiplied 100 times to get reasonable results. 

4.7.2 Modeling Non-equilibrium Effects 

 The assumption of instantaneous equilibrium in porous media during spontaneous 
imbibition experiments is found to be generally inappropriate at core scale [39].  We 
therefore used Schembre’s method to interpret non-equilibrium effects.  The method uses 
Barenblatt’s model [6] to interpret the flow.  The model suggests that the redistribution of 
the different phases in the pore space during imbibition is not instantaneous but takes 
some time referred to as a redistribution time.  When this redistribution time becomes 
important, the relative permeability and capillary pressure curves are process-dependent 
quantities.   
  

 No 

Guess kr, Pc  curves

Error (Sweclipse-Swexp)
2 >eps Yes

Run Eclipse model

Simulated Annealing

Stop

Start
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Using Barenblatt’s [6] we model the effective saturation, η,  as : 
 

η= Sw + τ ∂Sw
∂t

      (9) 

 
Here  Sw is the measured saturation.  The redistribution time, τ, is obtained by matching 
the dimensionless non-wetting phase production as  
 

  R(t) =Vo(1− et / τ ) t
τ

     (10) 

 
where the constant Vo is characteristic of the fluid and the core.   

4.8 Results and Discussion  

 Experiments have been conducted at pH of 3, 7, and 12.  Figure 4.13 is a graph of 
imbibition experiments where only the mass imbibed has been measured.  The mass 
imbibed has been plotted with respect to the square root of time.  It is seen that pH 12 
aqueous solutions imbibes water at a much faster rate than the neutral and the acidic 
solution.  The linear portion of the flow is used to apply Handy’s equation and calculate 
macroscopic contact angles.   
 

 
Figure 4.13: Mass Imbibition at different pH  

 
 Using Handy’s equation we get ratios of cosine of contact angles.  To reduce these 
ratios to an absolute scale we make certain assumptions about wettability at high pH.  As 
is seen from literature and theoretical calculations, at a high pH coal systems are water 
wet.  We therefore assume that the contact angle at pH equal to 12 is 0 and the system is 
completely water wet.  This allows us to estimate contact angles at varying pH.  The 
results are shown below in Figure 4.14.  We see that while the contact angles values do 
not exactly match those predicted by theoretical methods, the profiles are very similar.  
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The stark variation in imbibition with pH has also been quantified in terms of contact 
angles.  The imbibition studies also suggest a strong correlation between microscopic and 
core scale wettability. 
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Figure 4.14: Wettability variation with pH based on imbibition experiments  

 
 We are now trying to understand wettability in a more universal scale.  This, as was 
suggested earlier, is being done by estimating relative permeability curves for water-air-
coal systems.  The relative permeability curves have currently been developed for pH 2.  
Figure 4.15 describes the full 1-dimensional saturation profile developed from CT 
scanning images.  The flow occurs in the image from right to left.   

 
Figure 4.15: Saturation Profiles with time for pH-2.  Flow is from right to left. 
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 We see that at about 0.8 dimensionless lengths the saturation values once again reach 
1.  This is because of the presence of a fracture.  The fracture developed with multiple 
uses of the same core.  The drying of the core takes a long time, to reduce this period we 
therefore heat the core to about 35º This process has resulted in the presence of a fracture.  
To model the relative permeability curves, we therefore consider the saturation profiles 
from dimensionless lengths 0.0 to 0.8.   
 
 Figure 4.16 describes the saturation profiles achieved by an Eclipse simulation as 
compared to the experimental results.  These results have been obtained by optimizing 
the relative permeability curves for the air-water system.  In simulations gas is the 
nonwetting phase.   
 

Figure 4.16: Saturation profiles with time for pH-2 
 
 Given the inaccuracies of the experiment and the differences in the experiment and 
the simulation model (square and rectangular flow) the saturation profiles for the relative 
permeability estimation are in reasonable agreement with those obtained experimentally.  
A possible explanation for the inaccuracy in the saturation profile at longer times could 
be our simplifying assumption of a constant redistribution time.  Redistribution time 
might vary with saturations, and therefore at longer times, when the saturations are 
usually higher the redistribution would be much different, and the shift achieved would 
be closer to the actual values.  Figure 4.17 describes the optimized relative permeability 
curves obtained.   
  
 The crossover point of the relative permeability curves as suggested by Figure 4.17 is 
less than 0.5.  This suggests that the system is not extremely water wet.  Another 
observation is that the endpoint values are very small.  This is consistent with the fact that 
the system is a low permeability system. 
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Figure 4.17: Relative Permeability Curves 

 

4.9 Conclusion 

 We are studying wettability at various scales, ranging from the microscopic to core 
scale to reservoir scales.  While contact angle measurements define wettability at 
microscopic and core scales relative permeability curves are used to define wettability at 
reservoir scales.  Theoretical wettability calculations confirm literature that the contact 
angle does vary with the pH of the system.  The trends suggested show that the contact 
angle goes through a maximum at around pH 4.  This value is for a specific coal water 
system.  The value would vary depending on the coal system being studied.  Our 
calculations also suggest that a better grasp of the variation of the Hamaker constant with 
pH is important in understanding wettability variation with pH.  Our pore scale studies 
also suggest that the thin layers formed on the coal surfaces are constant potential rather 
than constantly charged.  On the core scale imbibition studies provide us with a method 
to understand coal wetting behavior.  Our results suggest similarity in coal scale behavior 
with pore scale wettability.  Imbibition is much stronger at higher pH.  It goes through a 
minimum at neutral pH and rises again at lower pH.  Variation in imbibition rates with 
pH is of significant interest as coal systems consist of water of variable pH.  These 
studies provide a stepping stone towards understanding water flow in coal systems.  
Relative permeability curve estimates help in reservoir definition of the coal system.   
 

4.10 Future plans 

The results presented are encouraging as these are the first steps towards developing 
relative permeability curves for coal-methane and carbon-dioxide systems. Such curves 
are necessary to simulate and design coalbed sequestration processes. Relative 
permeability curves have only been developed for pH equal to 2 systems. We intend to 
contrast multiphase flow results with other pH systems, such as pH equal to 7 and 10. 
Such a comparison gives us an understanding of how multiphase flow and wettability is 
affected by pH and by dissolution of CO2 into coal-water systems. Additionally, we plan 
to transition from powdered coal systems to whole coal cores of the same dimension. 
This change in experimental systems allows better characterization of the effect of CO2 
on coal wettability. It also allows better comparison and contrast with the geomechanical 
and gas permeability work that we will conduct in whole cores. 
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5 Analytical Theory of CO2 Storage and Coal Bed Methane Recovery 

C. J. Seto, Graduate Research Assistant; K. Jessen, Senior Research Associate; and F. 
M. Orr, Jr., Professor 

5.1 Introduction   

 Because the separation of CO2 from N2 in flue gas is relatively expensive, it may be 
desirable to injection flue gas directly into coal beds or to remove only a portion of the N2 
from the flue gas.  In this section, we examine the impact of the composition of the 
injection gas on displacement behavior.  
 
 The conservation equations and mathematical approach used to study two-phase flow 
in coal beds with adsorption of gases containing three or four components is described in 
some detail by Kovscek et al. [36] (see Section 5.7).  In this section, we summarize 
recent results that add to our knowledge of the types of displacement behavior that can 
arise when mixtures of CO2 and N2 displace adsorbed CH4 and water in a coal bed.  In all 
these displacement results, we neglect the effects of dispersion and capillary pressure, 
and we consider only one-dimensional flow. Adsorption behavior is represented by an 
extended Langmuir isotherm [41] and equilibrium phase behavior for the gas-water 
system is represented by constant equilibrium K-values. 

5.2 Results 

 Figure 5.1 shows a composition path for a displacement in which the pore space in a 
coal bed is initially saturated with a single phase mixture of CH4 (mole fraction, 0.31) 
and water (mole fraction, 0.69).  
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Figure 5.1: Composition path for a coal bed initially saturated with water and CH4 (mole fractions, 0.69 
and 0.31 respectively).  The injection gas is a mixture of N2 and CH4 (mole fractions, 0.9 and 0.1). 
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In this setting, the amount of CH4 initially adsorbed to the coal surface is dictated by the 
partial pressure of CH4 in the aqueous phase (water saturated with CH4). The injection 
gas contains 90 mole percent N2 and 10 mole percent CO2.  In this example and the ones 
that follow, the K-values for equilibrium with the water phase are KN2 = 5, KCH4 = 3, 
KCO2 = 1.2, and KH2O = 0.1.  Details of the adsorption representation are given in section 
5.7 of Kovscek et al. [36].  The values of the parameters used here allow easy 
visualization of the composition paths, and they emphasize the effects of adsorption.  
More realistic K-values and adsorption levels compress the composition paths into a 
small portion of the phase diagram, and hence we use these values to illustrate the range 
of behaviors that can arise.  The composition profile that corresponds to Figure 5.1 is 
shown in Figure 5.2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.2: Composition profiles for a coal bed initially saturated with water and adsorbed CH4 (mole 
fractions, 0.69 and 0.31 respectively).  The injection gas is a mixture of N2 and CH4 (mole fractions, 0.9 
and 0.1). 
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 The compositions plotted in Figure 5.1 are overall mole fractions of components in 
the flowing fluid, and in Figure 5.2, Sg is the gas saturation, zi is the mole fraction of 
component i, and uD is the dimensionless flow velocity (scaled by the velocity of the 
injection gas at the inlet). 
 
 Composition O in Figure 5.1 is the initial composition, and composition I is the 
injection gas composition.  The composition path that connects those compositions is 
found by solving the set of conservation equations by the method of characteristics to 
determine eigenvalues (the velocity at which a given overall composition propagates) and 
eigenvectors (directions in composition space along which compositions can vary and 
still satisfy the conservation equations).  Equilibrium tie lines are paths along which 
compositions can vary, and there is also a set of nontie-line paths.  A velocity rule, which 
states that fast-moving compositions must lie downstream of slow ones, is applied to 
determine the unique composition path that connects initial and injection compositions, 
and shocks are constructed when it is not possible to satisfy the velocity rule with 
continuous composition variations.  See Section 5.7 of Kovscek et al. [36] for details. 
 
 A shock connects composition O to composition A in the two-phase, gas-water 
region.  See Figure 5.1 for the composition points, and see Figure 5.2 for the spatial 
locations of those compositions.  Spatial locations for these self-similar solutions are 
plotted as the distance, ξ, divided by the dimensionless time, τ.  That ratio is equivalent to 
the propagation velocity.  The actual spatial location at any time, τ, can be found by 
multiplying the value of ξ/τ in Figure 5.2 by τ.  A continuous composition variation 
(rarefaction) from A to B along the tie line that extends through the initial saturated 
composition, which in this case is the CH4-H2O axis, occurs just upstream of the leading 
shock.  Upstream of that rarefaction is a second rarefaction that lies in the N2-CH4-H2O 
ternary face.  It traverses that face from composition B to composition C.  N2 first appears 
in the flowing gas phase along this part of the composition path, as Figure 5.2. 
 
 The tie line that contains composition C is called the crossover tie line.  Because a 
continuous composition variation along that tie line to composition D would violate the 
velocity rule, a shock from C to D is required.  A second shock, from D to E, connects 
the crossover tie line to the tie line that is associated with the injection gas composition.  
Upstream of that shock is a rarefaction along the injection tie line, followed by a shock 
from composition F to the injection composition, I.  Thus, the solution composition path 
is a set of composition variations associated with the initial composition and a second set 
associated with the injection composition connected at the crossover tie line. 
 
 Figure 5.2 shows that all of the CH4 that is desorbed from coal propagate in a bank 
between the O-A shock and the C-D shock.  N2 propagates relatively rapidly, appearing 
first at composition B.  CO2, which is adsorbed most strongly, propagates more slowly, 
appearing at composition point D.  The increase in volume of the flowing gas as CH4 
desorbs is reflected in the dimensionless flow velocity, uD, which is greater than one 
ahead of composition C. 
 Next we consider how displacement behavior changes as the amount of CO2 in the 
injection gas increases for fixed initial composition.  For examples of how behavior 
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changes for fixed injection gas composition and varying initial composition see Section 
5.7 of Kovscek et al. [36] As the concentration of CO2 in the injection gas increases, the 
injection tie line moves toward the CO2 apex (see Figure 5.1), the landing point on the 
crossover tie line shifts to lower N2 concentrations, and as a result, the velocity of the C-
D shock increases.  At some point (when the injection gas zCO2 is 0.4228 for this 
example), the C-D shock has the same velocity as composition C on the nontie-line path 
that connects compositions B and C.  For greater mole fractions of CO2 in the injection 
gas, the velocity rule would be violated by a path similar to the O-A-B-C composition 
path shown in Figure 5.1, and a new pattern emerges. 
 
 Figure 5.3 shows the resulting composition path for an injection gas that contains 60 
mole percent CO2. This composition path differs from any reported previously for 
quaternary gas displacements with or without adsorption in that a fourth tie line plays a 
role in the solution.  The leading portion of the composition path is similar to that shown 
in Figure 5.1, but the C-D shock in Figure 5.3 occurs along a tie line that is not the 
crossover tie line that contains compositions C and D in Figure 5.1.   
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Figure 5.3: (left) Composition path for injection of a mixture containing 60% (mole) CO2 and 40% N2. 
(right) Comparison of analytical path (red) with a numerical solution using 5000 grid blocks (blue). 
 
 Instead, the C-D shock occurs on a special tie line for which the nontie-line 
eigenvalue at composition C, the nontie-line eigenvalue at composition D, and the 
velocity of the shock from C to D are all equal.  There is a rarefaction from D to E, 
followed by a shock from E to F, a rarefaction along the injection gas tie line, F to G, and 
a trailing shock, G to I.  The C-D shock in Figure 5.3 is what Jeffrey [31] calls a 
degenerate shock.  This pattern of composition paths also arises in gas displacements 
without adsorption, though the existence of such a composition path was not known 
previously. 
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 Figure 5.3 also compares a finite-difference solution calculated with 5000 grid blocks 
with the analytical solution for the composition path.  The numerical solution shown in 
Figure 5.3 agrees well with the analytical solution (though a very fine grid is required to 
reduce the level of numerical dispersion sufficiently).  Figure 5.4 compares analytical and 
numerical saturation, composition, and velocity profiles for the displacement of Figure 
5.3. 
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Figure 5.4: Comparison of analytical saturation, composition, and velocity profiles (red) with a numerical 
solution with 5000 grid blocks (blue) for injection of a gas mixture containing 40% (mole) N2 and 60% 
CO2 to displace an initial mixture of 31% CH4 and 69% H2O. 
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   Here again, the agreement between the numerical and analytical solutions is 
excellent.  In this displacement, a significant N2 bank forms ahead of the E-F shock, 
across which CO2 first appears.  CH4 is still displaced in a bank ahead of the CO2, but as 
before, the trailing part of that bank (between compositions B and C) is a mixture of CH4 
and N2.  The local flow velocity, uD, varies spatially as the flowing gas volume increases 
due to CH4 desorption and decreases due to CO2 adsorption.  With more CO2 present in 
the injection gas, the volume loss as CO2 adsorbs offsets the volume gain as CH4 desorbs. 
 
 The effect of an additional increase in the concentration of CO2 in the injection gas on 
the composition path is shown in Figure 5.5, and the analytical solution for saturation, 
composition, and velocity profiles is compared with a fine grid (5000 block) numerical 
solution in Figure 5.6.   
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Figure 5.5: Analytical composition path for injection of a gas mixture containing 20% (mole) N2 and 80% 
CO2 to displace an initial mixture of 31% CH4 and 69% H2O. 
 
 As the CO2 concentration is increased further, the velocity of the E to F shock in  
Figure 5.3 increases until it exceeds the velocity of point E, which would violate the 
velocity rule and lead to a multivalued solution.  In that situation, the lower portion of the 
nontie-line path in the N2-CH4-H2O face terminates with a shock to the injection gas tie 
line (see Figure 5.5).  That tie line is the one for which the velocity of the E-F shock 
equals the tie-line eigenvalue at F. 
 
 
 As in the previous examples, the agreement between the analytical and numerical 
solutions shown in Figure 5.6 is excellent, which confirms that the analytical solutions 
are correct.  In this example, the volume loss associated with CO2 adsorption is sufficient 
to offset completely the volume gain due to CH4 desorption, and hence the flow velocity 
at the leading edge of the transition zone is less than one. 
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Figure 5.6:Comparison of analytical saturation, composition, and velocity profiles (red) with a numerical 
solution with 5000 grid blocks (blue) for injection of a gas mixture containing 20% (mole) N2 and 80% 
CO2 to displace an initial mixture of 31% CH4 and 69% H2O. 
 
 The effect of increasing the CO2 concentration in the injection gas still further is 
shown in Figure 5.7 and Figure 5.8, which report the composition path and saturation, 
composition, and velocity profiles for a displacement with 95% (mole) CO2 in the 
injection gas.  Increasing the CO2 concentration further increases the velocity of the C-D 
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shock, and when it reaches the velocity of point B, the equal-eigenvalue point on the 
initial tie line, the pattern of shocks and rarefactions changes again.  The rarefaction 
along the initial tie line disappears, and there is an immediate path switch at the landing 
point of the leading shock, O-A, to the nontie-line path.  A rarefaction along that path (A-
B) terminates with a shock to the injection tie line (B-C), followed by a short rarefaction 
along the injection tie line (C-D), and a trailing shock (D-I). 
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Figure 5.7: Analytical composition path for injection of a gas mixture containing 5% (mole) N2 and 95 % 
CO2 to displace an initial mixture of 31% CH4 and 69% H2O. 
 
 The effect of changing CO2 concentration in the injection gas on recovery of 
adsorbed CH4 is shown in Figure 5.9.  In these displacements, all of the CH4 present 
initially is recovered, but the rate varies significantly with the injection gas composition.  
Flow velocities are higher for injection gases rich in N2.  For those displacements, the 
CH4 bank arrives earlier at the outlet, largely because desorbing CH4 increases the 
volume of the flowing gas.  However, the produced gas is a mixture of CH4 and N2 for a 
significant portion of the displacement.  When the injection gas is rich in CO2, the loss of 
volume as CO2 adsorbs more than offsets the increase in volume from desorbed CH4.  As 
a result, the flow velocity is lower, and the arrival of the CH4 bank is delayed.   

5.3 Progress 

 The patterns of displacement behavior described here apply also to gas injection 
processes without adsorption.  They describe a set of interactions that can be tested 
experimentally, and they provide a framework for interpreting both experiments and 
numerical simulations.  In particular, they allow direct assessment of the sensitivity of 
numerical composition paths to numerical diffusion, and the can be used to in 
conjunction with streamline simulation approaches for three-dimensional computations, 
at least in situations when gravity segregation is of limited importance.  Even if 
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numerical solutions along streamlines must be used when gravity effects are included, the 
analytical solutions allow quantitative assessment of the accuracy of the numerical 
solutions.   
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Figure 5.8: Analytical saturation, composition, and velocity profiles for injection of a gas mixture 
containing 5% (mole) N2 and 95% CO2 to displace an initial mixture of 31% CH4 and 69% H2O. 
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